The postnatal changes in local cerebral blood flow in freely moving rats were measured by means of the quantitative autoradiographic e 4C]iodoantipyrine method. The animals were studied at 10, 14, 17, 21, and 35 days and at the adult stage. At 10 days after birth, rates of blood flow were very low and quite homogeneous in most cerebral structures except in a few posterior areas. From these relatively uniform levels, values of local ce rebral blood flow rose notably to reach a peak at 17 days in all brain regions studied. Rates of blood flow decreased between 17 and 21 days after birth and then increased from weaning time to reach the known characteristic dis tribution of the adult rat. The postnatal evolution of local cerebral blood flow in the rat is in good agreement with Local cerebral blood flow (LCBF) techniques have been extensively used to map changes in ce rebral metabolic rate in a variety of animal species including rat, cat, piglet, sheep, dog, monkey, and humans (Ca vazutti and Duffy, 1982; Flecknell et aI., 1983; Hascoet et aI. , 1988; Hosokawa et aI. , 1977; Kennedy et aI., 1972; Lassen and Ingvar, 1972; Plotkine et aI., 1986; Raichle et aI. , 1983; Reivich et aI., 1968 Reivich et aI., , 1969 Rosenberg et aI. , 1982; Sakurada et aI. , 1978; Sokoloff, 1961) . Indeed, it has been shown in adult animals that in most phys iological or pharmacological states, functional ac tivity in the different structures of the central ner vous system regulates the local rate of energy me tabolism and that LCBF is coupled to local metabolic demand (Des Rosiers et aI., 1974; McCulReceived December 12, 1988; revised March 30, 1989; ac cepted April 7, 1989 
Local cerebral blood flow (LCBF) techniques have been extensively used to map changes in ce rebral metabolic rate in a variety of animal species including rat, cat, piglet, sheep, dog, monkey, and humans (Ca vazutti and Duffy, 1982; Flecknell et aI., 1983; Hascoet et aI. , 1988; Hosokawa et aI. , 1977; Kennedy et aI., 1972; Lassen and Ingvar, 1972; Plotkine et aI., 1986; Raichle et aI. , 1983; Reivich et aI., 1968 Reivich et aI., , 1969 Rosenberg et aI. , 1982; Sakurada et aI. , 1978; Sokoloff, 1961) . Indeed, it has been shown in adult animals that in most phys iological or pharmacological states, functional ac tivity in the different structures of the central ner vous system regulates the local rate of energy me tabolism and that LCBF is coupled to local metabolic demand (Des Rosiers et aI., 1974; McCul- previous studies in other species such as dog and humans that also show higher rates of cerebral blood flow and glucose utilization at immature stages. However, in the rat, local cerebral blood flow and local cerebral glucose utilization are not coupled over the whole postnatal pe riod studied, since blood flow rates reach peak values at 17 days whereas glucose utilization remains still quite low at that stage. The high rate of cerebral blood flow in the 17-day-old rat may reflect the energetic and biosynthetic needs of the actively developing brain that are completed by the summation of glucose and ketone body utilization. Key Words: Local cerebral blood flow-Rats [14C]Iodoantipyrine-Postnatal development.
loch et aI., 1982; Reivich, 1974; Sokoloff, 1961 Sokoloff, , 1981 . Studies performed in immature dogs (Gre goire et aI. , 1978) and in human infants and children (Chugani and Phelps, 1986; Chugani et aI., 1987; Kennedy and Sokoloff, 1957) were also able to show that, in newborns as in adults, cerebral blood flow and metabolism are tightly coupled.
The e4C]iodoantipyrine autoradiographic method of Sakurada et al. (1978) requires catheterization of blood vessels in order to permit administration of the tracer and to facilitate collection of timed arte rial blood samples. For these reasons, this tech nique has been mostly used in animals of a quite large size such as adult rats (Ingvar et aI., 1981; McCulloch et aI. , 1982; Mraovitch et aI. , 1986) or cats (Reivich et aI., 1968 (Reivich et aI., , 1969 and newborn dogs (Batton et aI., 1983; Cavazutti and Duffy, 1982; Kennedy et aI., 1972) or monkeys (Hosokawa et aI., 1977) . Recently, Richards et al. (1987) proposed a modification of the e4C]iodoantipyrine technique for small animals by using a simultaneous infusion of e4C]iodoantipyrine and of [99mTc] pertechnetate. The 99mTc is counted externally by a detector placed over the chest. However, their experiments were done on rats with no indication of age or weight. Likewise, Jay et al. (1988) published their data on the measurement of LCBF rates in mouse by means of the [14C]iodoantipyrine method. These authors mainly focused their attention on the poten tial sources of errors in the measurement of LCBF in small animals, especially on those related to the dead space washout in the arterial catheter.
Recently, we were able, by means of the quanti tative 2-[14C]deoxyglucose autoradiographic method of Sokoloff et al. (1977) , to measure local cerebral metabolic rates for glucose (LCMRglc) in freely moving rats from age 10 days after birth to the adult stage (N ehlig et al. , 1988) . The results of that study showed that LCMRglc was low in most brain areas between PlO and P17, started to differ entiate around weaning time at P21, and reached at P35 the classical distribution of the levels of energy metabolism in the adult rat brain. In addition, there is a good correlation between postnatal changes in LCMRglc and the behavioral, anatomical, and func tional changes known to occur in the brain of the rat during postnatal development (N ehlig et al. , 1988) . The purpose of the present study was to measure the rates of LCBF in the developing rat brain from the age of 10 days after birth to the adult stage by means of the quantitative autoradiographic [14C]_ iodoantipyrine technique from Sakurada et al. (1978) in order to determine whether levels of LCBF and LCMRglc are coupled in the rat during the whole postnatal period.
MATERIALS AND METHODS

Animals
Adult Sprague-Dawley rats, one male and two females, were housed together in mating groups for 5 days and constantly maintained under standard laboratory condi tions on a 12/12 h light/dark cycle (lights on at 6:00 h). Food and water were available ad libitum. After delivery, litter sizes were reduced to 10 pups for homogeneity. Rat pups were weaned at 21 days. The experiments were per formed on groups of five or six animals at 10,14, 17,21, and 35 days after birth and at the adult stage. Until wean ing, both male and female rats pups were used, but only male animals were studied at P35 (P35 means postnatal day 35) and at the adult stage.
On the day prior to the measurement of LCBF, a fem oral artery and vein were catheterized with polyethylene tubing (Clay Adams PE-lO, I.D. of 0.28 mm, O.D. of 0.61 mm for the stages PIO to P35 and Clay Adams PE-50, I.D. of 0.58 mm, O.D. of 0.965 mm for the adult stage) under light halothane anesthesia. The length of the catheters was standardized for each studied stage, e.g., from 130 mm at PI0 to 230 mm at the adult stage. Both catheters were threaded under the skin up to the neck through a small opening in the skin. A loop was made with the ends of each catheter, which were put back under the skin, and J Cereb Blood Flow Metab, Vol. 9, No. 5, 1989 the small opening in the skin was closed. The animals were returned to their usual environment, back to their mother for suckling animals, and allowed food and water ad libitum. Only those animals that did not suffer from the surgery and did not lose weight (especially for suckling rats, which were sometimes rejected by the mother) were used for the experiments.
Measurement of local cerebral blood flow
On the following day, the rats were transferred to an uncovered plastic box of variable size according to the studied stage, allowing easy access to the catheters as well as free movement of the animals. The threads on the skin in the neck were cut and the catheters were pulled out. All experiments were performed between 9:00 and 12:00 a.m. under constant artificial light and in a con trolled low level acoustic environment.
LCBF rates were measured by means of the P4C]_ iodoantipyrine (lAP) method described by Sakurada et al. (1978) . The 4-iodo-N-methyl-[14C]antipyrine (specific ac tivity 50 mCilmmol; Amersham, Little Chalfont, Buck inghamshire, U.K.) was injected into the animals through the femoral vein at a concentration of 25 J.LCi/ml. The period of measurement of LCBF was approximately 1 min in duration, during which variable amounts of the [14C]IAP solution were administered to the rats. The vol umes injected ranged from 130 to 1, 500 J.Ll according to the stage studied. The intravenous infusion was con ducted at a progressively increasing rate to produce a rising arterial concentration of the tracer approximating a ramp input function. This ramp input function serves to delay or to prevent the equilibration of rapidly perfused tissues with the arterial blood during the period of mea surement. Throughout the period of [14C]IAP administra tion, timed arterial blood samples, freely flowing from the arterial catheter, were collected in glass capillary tubes. The last sample was taken at the time of killing and as long as blood could be withdrawn from the arterial cath eter. The rats were killed by decapitation at about 1 min after the beginning of [14C]IAP infusion and the brains were removed within 1 min, frozen in isopentane chilled to -40°C, coated with chilled embedding matrix (car boxymethylcellulose 4% in water), and stored at -80°C in plastic bags until sectioned.
The content of each capillary tube was transferred to a preweighed scintillation vial that was immediately cov ered and reweighed after blood collection. The blood samples were then treated with 0. . The concentration of tracer per unit volume of blood in each sample was calculated from the mea sured amount of 14C, the weight of the blood sample, and an assumed specific gravity of 1.06 glml for blood.
The frozen brains were cut into 20 J.Lm coronal sections at -22°C in a cryostat. Sections were picked up on glass coverslips and dried on a hot plate (60°C). Sections were autoradiographed on Kodak SB5 film along with cali brated [14C]methylmethacrylate standards (Amersham) using a special set of low 14C concentration standards for animals 10 and 14 days old. All standards were calibrated for their 14C concentration in brain sections, as pre vi-ously described (Sokoloff et aI., 1977) . Adjacent sections were fixed and stained with thionin for histological iden tification of specific nuclei.
The autoradiographs were analyzed by quantitative densitometry with a computerized image-processing sys tem (Histopericolor, Numelec, France) or a manual mi crodensitometer (Macbeth, TD 901, Kollmorgen Co., Newburg, NY, U.S.A.). Optical density measurements for each structure anatomically defined according to the rat brain atlas of Paxinos and Watson (1982) for adult animals and to the developing rat brain atlas of Sherwood and Timiras (1970) for all other stages were made bilater ally in a minimum of four brain sections. Tissue 14C con centrations were determined from the optical densities of the autoradiographic representations of the tissues and a calibration curve obtained from the autoradiographs of the calibrated standards.
Calculation of local cerebral blood flow
Throughout the period of measurement of LCBF, blood samples were collected at the distal end of an ar terial catheter to determine the continuously changing [14C]IAP concentration in the arterial blood at the prox imal end of the catheter. In addition, the short duration of the experiment requires extremely precise timing of the samples. Usually, quite large bore catheters (Clay Adams PE-50, I.D. of 0.58 mm, O.D. of 0.965 mm; Becton Dick inson and Co., Parsippany, NJ, U.S.A.) are used in the adult rat, where flow per unit volume of catheter dead space is high. In these conditions, tracer concentrations measured at the distal end of the catheter, which is usu ally short, are reasonably representative of the tracer concentrations in the arterial blood at a given time.
In the present experiment, catheters of quite small bore were used at all stages of development from PlO to P35 ( In addition, the length of the arterial catheter was quite high as compared to the size of the animal. Therefore, two types of arterial sampling distortion had then to be taken into account. The first one was related to the time nec essary for the blood from the proximal end to reach the distal end of the arterial catheter. The other one was due to a dilution of the true arterial concentration of the tracer at the proximal end of the catheter by the dead space inside the catheter, i.e., the so-called washout effect.
The correction for both the time lag and the washout effect was controlled in separate experiments, according to the procedure described by Jay et al. (1988) . In these experiments, Clay Adams PE-lO or PE-50 catheters 150 mm long were filled with nonradioactive heparinized blood and connected to a syringe filled with blood con taining 0.2 !LCi/ml of [14C]IAP. The syringe was placed on the Precidor HT infusion pump (Infors AG, Basel, Swit zerland) used for the infusion of [14C]IAP during the CBF experiments. During a 1 min period of infusion, blood samples were regularly and rapidly collected at the distal end of the catheter in heparinized capillary tubes. The 14C concentrations in blood samples were measured as de scribed above. These controls were performed at differ ent values of blood flow covering the whole range en countered in our studies. Therefore, for the final calcula tions, the exact time of blood sampling was corrected for the combined effects of the time lag due to the residual volume of nonradioactive blood in the catheter and to the washout effect. The total time lag was calculated for each animal from the length of the arterial catheter and the blood flow value and this calculated value was subtracted from the recorded time of sampling.
The LCBF values were then calculated according to the Fick equation using a brain-blood partition coefficient of 0.8 (Sakurada et aI., 1978) .
Physiological variables
Just prior to the infusion of [14C]IAP, the mean blood pressure of the animals was measured with an air-damped mercury manometer and the hematocrit value was deter mined. Arterial pH, Po2, and Peo2 were also measured on 40 or 80 !Ll blood samples by means of a blood gas analyzer (Corning, Model 158, Le Vesinet, France) just before the onset of the LCBF procedure.
Statistical analysis
LCBF values were determined in 68 cerebral structures in six groups of five or six animals. LCBF values in each group of rats were compared with those in the immediate preceding stage by means of Bonferroni multiple compar ison procedures (Kirk, 1968) . Conservative multiple com parison procedures were chosen to reduce the likelihood of type II errors in view of the large number of statistical procedures performed.
RESULTS
Physiological variables
Arterial blood pressure values significantly in creased from one stage to the following one over the whole period of postnatal development studied (Ta ble I). The hematocrit value did not change from day to to 21 after birth but increased significantly between P21 and P35 and also between P35 and the 
Body weight (g) 22 ± 1 32 ± 1 42 ± 1 55 ± 1* 124 ± 4** 367 ± 6** Arterial blood pressure (mm Hg) 51 ± 1 59 ± 2* 67 ± 1* 85 ± 1 ** 107 ± 2** 122 ± 2** Hematocrit (%) LCBF rates increased between PIO and P17, to reach a peak at 17 days after birth. This peak re corded in every brain area studied was followed by a decrease in LCBF values at P21. Then LCBF rates increased again between weaning time (P21) and the adult stage (Tables 2-6).
PI0 animals
LCBF rates were generally quite low, ranging from 23 to 40 mlllOO g/min at 10 days after birth (Tables 2-6). Only a few structures exhibited higher values. These were mostly quite posterior areas, such as the lateral lemniscus, superior olive, co chlear nucleus, the facial nerve, spinal trigeminal and vestibular nuclei (Table 2) , the interpeduncular nucleus, lateral habenula, dorsal tegmental nucleus, medial raphe, and locus coeruleus (Table 3) , as well as the cerebellar nuclei ( Table 5) .
PI4 animals
Between 10 and 14 days after birth, LCBF rates increased in scattered areas. These changes were located in structures belonging to sensory systems such as the visual and the auditory systems ( Table  2 ). Significant increases in LCBF rates were also noted in four limbic and functionally nonspecific areas [the prefrontal, anterior cingulate, and ento rhinal cortices and the mediodorsal thalamus (Table   3) ] as well as in seven motor areas, such as the frontoparietal cortex motor area, the caudate, red and dentate nuclei, the inferior olive, and two tha lamic nuclei (Table 5) . No changes in LCBF values occurred between PIO and P14 in hypothalamic (Ta ble 4) and white matter areas (Table 6 ).
PI7 animals
At 17 days after birth, LCBF rates reached very high levels, exhibiting a peak in all brain structures studied. Between P14 and PI7, LCBF rates in creased by 70 to 180% in every cerebral structure (Tables 2-6 ). The rates of LCBF reached in most brain areas at P17 were close to those recorded at P35.
P2I animals
Between PI7 and P2 I, LCBF rates significantly decreased in 49 of the 68 structures studied (Tables  2-6 ). This decrease affected all sensory structures except the facial nerve nucleus ( Table 2) , most lim bic and functionally nonspecific areas (Table 3) , and motor structures (Table 5 ) as well as the three white matter areas studied (Table 6 ). On the other hand, LCBF rates were only significantly decreased in three hypothalamic regions, the anterolateral nu cleus, median forebrain bundle, and mamillary body ( Table 4) .
P35 animals
Between P21 and P35, LCBF values underwent a statistically significant increase in 47 of the 68 ce rebral structures studied. These increases were (n = 6) (n = 5) (n = 6) (n = 5) (n = 6) (n = 6) Visual system Visual cortex 29 ± 3 46 ± 3 111 ± 4** 77 ± 4** 138 ± 8** 147 ± 5 Lateral geniculate body 31 ± 2 56 ± 5** 120 ± 4** 87 ± 5** III ± 3* 118 ± 7 Superior colliculus 33 ± 3 50 ± 4** 98 ± 3** 74 ± 3** 109 ± 4** 109 ± 2 Auditory system Auditory cortex 25 ± I 66 ± 3** 151 ± 5** 110 ± 2** 158 ± 8** 199 ± 15** Medial geniculate body 38 ± 3 71 ± 2** 159 ± 6** 104 ± 3** 137 ± 4** 136 ± 7 Inferior colliculus 37 ± 2 79 ± 5** 189 ± 6** 125 ± 9** 150 ± 9 148 ± 3 Lateral lemniscus 44 ± 2 69 ± 5* 123 ± 4** 96 ± 6* 124 ± 2* 157 ± 14** Superior olive 58 ± 3 69 ± 3 174 ± 4** 112 ± 8** 138 ± 7 229 ± 8** Cochlear nucleus 47 ± 2 77 ± 5** 122 ± 5** 112 ± 3 168 ± 5** 158 ± 11 Olfactory system
Olfactory cortex 35 ± 2 48 ± 5 100 ± 3** 80 ± 3** 103 ± 2** 119 ± 3** Somatic system Frontoparietal cortex, somatosensory area 35 ± 2 63 ± 6** 148 ± 3** 105 ± 5** 124 ± 4* 147 ± 6** Facial nerve nucleus 44 ± 2 58 ± 3 107 ± 4** 95 ± 7 104 ± 4 107 ± 5 Spinal trigeminal nucleus 46 ± 2 57 ± 2 106 ± 4** 88 ± 6* 113 ± 2** 103 ± 8 Vestibular system Vestibular nucleus 55 ± 2 80 ± 5** 138 ± 4** 100 ± 6** 149 ± 3** 171 ± 8**
Values are means ± SEM of the number of animals in parentheses, expressed as ml/100 glmin.
* p < 0.05, **p < 0.01, statistically significant difference from one developmental stage to the preceding stage. 
Prefrontal cortex 27 ± I 50 ± 5* 105 ± 2** 77 ± 5** 129 ± 4** 146 ± 9 Anterior cingulate cortex 25 ± 1 40 ± 3* 103 ± 1** 78 ± 2** 117 ± 4** 132 ± 7* Entorhinal cortex 23 ± 2 35 ± 4* 62 ± 1 ** 53 ± 2 72 ± 2** 81 ± 3 Nucleus accumbens 33 ± I 31 ± 3 95 ± 3** 75 ± 3** 101 ± 4** 125 ± 4** Medial septum 32 ± 3 30 ± 3 87 ± 5** 76 ± 5 121 ± 5** 112 ± 7 Lateral septum 17 ± I 20 ± 3 78 ± 3** 70 ± 4 105 ± 4** 98 ± 3 Medial amygdala 35 ± 3 33 ± 2 77 ± 1 ** 60 ± 2** 76 ± 1** 70 ± 4 Central amygdala 33 ± 2 33 ± 3 68 ± 1** 53 ± 1** 66 ± 1 ** 64 ± 3 Basolateral amygdala 31 ± 2 33 ± 2 75 ± 2** 61 ± 2** 81 ± 2** 86 ± 4 Dorsal hippocampus 34 ± 2 40 ± 3 83 ± 2** 63 ± 2** 78 ± 2** 86 ± 2* Ventral hippocampus 37 ± 2 40 ± 3 85 ± 1*' 65 ± 2** 80 ± 1** 98 ± 3** Dentate gyrus 42 ± 2 84 ± 3** 64 ± 2** 71 ± 3 88 ± 5** Mediodorsal thalamus 36 ± 2 63 ± 4** 135 ± 5** 86 ± 4** 117 ± 4** 133 ± 6 Medial habenula 41 ± 2 45 ± 5 103 ± 3** 83 ± 4** 105 ± 4** 98 ± 5 Lateral habenula 45 ± 1 50 ± 4 125 ± 5** 94 ± 6** 144 ± 3** 145 ± 8 Interpeduncular nucleus 50 ± 3 73 ± 3 137 ± 5** 94 ± 6** 120 ± 5* 99 ± 8* Ventral tegmental area 36 ± 3 35 ± 2 90 ± 3** 76 ± 3* 94 ± 2** 96 ± 5 Dorsal tegmental nucleus 46 ± 3 60 ± 3 113 ± 3** 104 ± 3 135 ± 8** 137 ± 9 Mesencephalic reticular formation 23 ± 2 32 ± 3 94 ± 4** 79 ± 5 101 ± 2* 113 ± 8 Medial raphe 46 ± 2 45 ± 7 III ± 5** 87 ± 5* 126 ± 7** 133 ± 6 Dorsal raphe 38 ± 3 34 ± 5 116 ± 16** 87 ± 6 120 ± 8 127 ± 8 Locus coeruleus 46 ± I 54 ± 3 103 ± 4** 75 ± 4** 104 ± 6** III ± 8 Pontine gray 37 ± 2 52 ± 4 108 ± 3** 82 ± 5* 87 ± 2 107 ± 11
Values are means ± SEM of the number of animals in parentheses, expressed as ml/100 g/min. * p < 0.05, **p < 0.01, statistically significant difference from one developmental stage to the preceding stage.
mainly located in sensory areas, except in two au ditory structures (the inferior colliculus and supe rior olive) as well as in the facial nerve nucleus ( Table 2) . LCBF values also increased in most lim bic and functionally nonspecific areas, except in the dentate gyrus, dorsal raphe, and pontine gray (Ta ble 3). All motor areas except the subthalamic nu cleus exhibited significant increases in LCBF rates between P21 and P35 ( Table 5) . On the other hand, there were no changes in LCBF values in white matter (Table 6 ) and in hypothalamic structures, ex cept in the lateral preoptic area (Table 4) .
Adult animals
LCBF rates underwent statistically significant in creases in 17 of the 68 structures studied between day 35 and adulthood. These changes were located mainly in sensory areas except in the visual system (Table 2), in limbic regions such as the anterior cin gulate cortex, nucleus accumbens, hippocampal structures, and interpeduncular nucleus ( Table 3) . Increases in LCBF rates also occurred in two hy pothalamic areas [the paraventricular and dorsome dial nuclei ( 
Medial preoptic area 33 ± 2 25 ± 3 72 ± 3** 69 ± 4 76 ± 5 78 ± 2 Lateral preoptic area 35 ± 2 33 ± 3 84 ± 3** 84 ± 6 105 ± 2** 109 ± 2 Magnocellular preoptic area 44 ± 3 41 ± 4 98 ± 4** 82 ± 7 125 ± 10 127 ± 4
Suprachiasmatic nucleus 31 ± 2 26 ± 4 68 ± 1** 63 ± 4 66 ± 4 73 ± 4 Anterior hypothalamus 28 ± 2 23 ± 3 75 ± 2** 63 ± 1 69 ± 4 68 ± 6 Anterolateral hypothalamus 35 ± 2 35 ± 2 88 ± 2** 73 ± 2* 78 ± 3 78 ± 6 Paraventricular nucleus 34 ± 3 34 ± 3 85 ± 2** 70 ± 1 76 ± 6 101 ± 8** Ventromedial hypothalamus 33 ± 2 34 ± 4 81 ± 1 ** 67 ± 3 76 ± 3 70 ± 9 Dorsomedial hypothalamus 30 ± 2 32 ± 2 78 ± 1 ** 70 ± 4 81 ± 2 105 ± 8** Medial forebrain bundle 37 ± 2 41 ± 4 86 ± 3** 70 ± 3** 82 ± 4 77 ± 4 Posterior hypothalamus 32 ± 2 28 ± 2 78 ± 2** 69 ± 2 74 ± 6 72 ± 2 Mamillary body 40 ± 1 43 ± 5 122 ± 3** 92 ± 3** 135 ± 1 132 ± 7
Values are mean ± SEM of the number of animals in parentheses, expressed as ml/100 g/min. * p < 0.05, **p < 0.01, statistically significant difference from one developmental stage to the preceding stage. (n = 6) (n = 5) (n = 6) (n = 5) (n = 6) (n = 6) Frontoparietal cortex motor area 40 ± 2 64 ± 4* 140 ± 4** 87 ± 5** III ± 5* 128 ± 7 Dorsomedial caudate nucleus 24 ± I 39 ± 3 100 ± 5** 71 ± 2** 121 ± 4** 129 ± 6 Dorsolateral caudate nucleus 33 ± 2 46 ± 3* 114 ± 4** 77 ± 2** 110 ± 4** 112 ± 2 Ventral caudate nucleus 26 ± 2 35 ± 2 88 ± 5** 68 ± 2** 97 ± 4** 103 ± 2 Globus pallidus 19 ± I 26 ± 2 65 ± 2** 49 ± 3** 62 ± 2** 65 ± 4 Substantia nigra, pars reticulata 31 ± 2 31 ± 3 90 ± 3** 72 ± 4** 108 ± 4** 107 ± 3 Substantia nigra, pars compacta 31 ± 2 31 ± 2 92 ± 3** 75 ± 4** 106 ± 4** 103 ± 3 Subthalamic nucleus 38 ± I 43 ± 5 115 ± 4** 110 ± 4 114 ± 5 107 ± 7 Ventroanterior thalamus 31 ± 2 57 ± 4** 149 ± 6** 85 ± 2** 114 ± 4** 141 ± 8** Ventrolateral thalamus 31 ± I 55 ± 6** 158 ± 1** 92 ± 4** 127 ± 5** 143 ± 5* Red nucleus 39 ± 2 60 ± 1* 127 ± 3** 88 ± 4** 114 ± 2** 114 ± 8 Inferior olive 49 ± I 73 ± 3* 136 ± 3** 115 ± 5 159 ± 9** 153 ± 6 Cerebellar cortex 24 ± I 28 ± 3 73 ± 3** 62 ± 3 80 ± 2** 96 ± 6* Cerebellar nuclei Dentate nucleus 45 ± 2 65 ± 4* 132 ± 4** 110 ± 6* 144 ± 4** 144 ± 7 Fastigial nucleus 49 ± 3 73 ± 4 138 ± 4** 110 ± 6* 139 ± 6* 134 ± 11 Interpositus nucleus 49 ± 2 73 ± 4 139 ± 5** III ± 7* 144 ± 5* 150 ± 12
Values are means ± SEM of the number of animals in parentheses, expressed as ml/100 glmin. * p < 0.05, **p < 0.01, statistically significant difference from one developmental stage to the preceding stage.
cerebellar cortex (Table 5) ]. There were no changes in LCBF rates in white matter structures between P35 and adulthood (Table 6 ).
DISCUSSION
The results of the present study represent, to our knowledge, the first quantitative measurement of LCBF in rats during postnatal development. Rates of LCBF were very low and quite homogeneous, except in a few posterior areas at the earliest stage studied, i. e., at PlO. From these relatively uniform levels, values of LCBF in all cerebral structures of the rat rose significantly to reach peak levels at P17. Rates of LCBF decreased between P17 and P21 and then increased from weaning time to reach the known characteristic distribution of the adult rat (McCulloch et aI., 1982; Mraovitch et aI., 1986; Sakurada et aI., 1978) .
The low and uniform rates of LCBF in the brain of the 10-day-old rat are in agreement with the low rate of oxygen consumption (Fazekas et aI., 1941) and of glucose utilization determined in the imma ture rat either in vitro (Himwich, 1951) or after de capitation (Duffy et aI., 1975) or by the quantitative 2-deoxyglucose autoradiographic technique (Nehlig et aI. , 1988) . Likewise, rates of LCBF in the new born dog are lower than in the adult and comparable to those in the lO-day-old rat (Gregoire et aI., 1978; Hernandez et aI. , 1978b; Kennedy et aI., 1972) while Barker (1966) found rates of LCBF in the newborn rat twice as high as our values in the 10-day-old rat. By contrast, studies of LCBF in new born monkeys provide data that more closely ap proximate the adult values (Behrman and Lees, 1971; Reivich et aI., 1971) than do measurements in the immature dogs (Gregoire et aI. , 1978; Kennedy et aI. , 1972) or in the immature rats, as in the present study. These differences illustrate the vari able degrees of cerebral metabolic maturity experi enced by different species at birth.
Postnatal changes in LCBF and systemic factors
The most striking feature in the postnatal evolu tion of the rates of LCBF in the rat is the peak at 17 days followed by a decline between 17 and 21 days and a subsequent increase until adulthood. Since these changes are common to all cerebral struc tures, they might in part be related to systemic changes that could influence cerebral hemodynam ics. Mean arterial blood pressure gradually in creases from 51 mm Hg at P10 and 67 mm Hg at P17 (n = 6) (n = 5) (n = 6) (n = 5) (n = 6) (n = 6) Genu of the corpus callosum 24 ± 2 24 ± I 55 ± 1** 42 ± 2** 47 ± 1
± 2
Internal capsule 23 ± I 30 ± 2 69 ± 1** 56 ± 2** 59 ± 2 51 ± 4 Cerebellar white matter 85 ± 2 57 ± 5** 52 ± 2 53 ± 3
Values are means ± SEM of the number of animals in parentheses, expressed as mlllOO g/min. ** p < 0.01, statistically significant difference from one developmental stage to the preceding stage.
to 122 mm Hg in the adult rat (Table 1) . In adult humans and animals, LCBF is maintained constant over a wide range of perfusion pressure through intrinsic adjustments of cerebrovascular tone (Las sen, 1959; Mchedlishvili et aI., 1973) . This homeo static property, named autoregulation of CBF, serves to protect the brain from ischemic injury at low perfusion pressure and from overperfusion dur ing systemic hypertension. Autoregulation has been shown to be present in early postnatal life in species such as dog (Hernandez et aI., 1980; Pasternak and Groothuis, 1985) and lamb (Purves and James, 1969; Tweed et aI. , 1986) . In newborn dogs, whose basal CBF and mean arterial blood pressure are lower than in adults, the autoregulation plateau is shifted to lower levels (Hernandez et aI., 1980; Pas ternak and Groothuis, 1985) . In the rat, to our knowledge, the study of autoregulation of CBF has been limited to adult animals (Hernandez et aI. , 1978a) . Nevertheless, since autoregulation of CBF is already efficient in the newborn dog with a pla teau for mean arterial blood pressures ranging from 27 to 75 mm Hg (Hernandez et ai., 1980; Pasternak and Groothuis, 1985) , it appears rather likely that, according to the stage of maturity of the rat as com pared to the dog, autoregulation of CBF should al ready be present in the 10-to 17-day-old rat and that the changes in LCBF observed in the present study, especially the peak levels at P 17, may only be partly due to the rise in mean arterial blood pressure be tween P10 and P17. Arterial pH, Po2, and especially Pco2 are also important variables in the control of CBF. Indeed, Pco2 variations have been shown to affect autoregulation of CBF (Harper, 1965; Parolla and Beery, 1975) . However, in the present study, there was no change in the values of arterial pH, Po2, and Pco2 over the period of postnatal devel opment studied.
Interspecies comparison of postnatal evolution of cerebral blood flow and glucose utilization
The postnatal evolution of LCBF rates observed in the present study in the rat, especially the peak values at P17, correlate well with the postnatal ev olution of levels of LCBF and LCMRgic measured in other species. Indeed, in the dog, values of LCBF rise from quite low and uniform rates at birth to peak values between 3 and 7 weeks of postnatal age and gradually decrease to reach the character istic levels of maturity by about 13 weeks (Kennedy et aI., 1972) . Likewise, LCBF rates have been shown to be about twice as high in 3-to lO-year-old children as in adult humans (Kennedy and Sokoloff, 1957) . As far as energy metabolism is concerned, Chugani and Phelps (1986) and Chugani et al. (1987) showed that LCMRgic in 3-to 9-year-old children also exceeded adult values. The peak values re corded in LCBF in these three species (rat, dog, and humans) as well as the high level of LCMRgic observed in the immature human brain (Chugani and Phelps, 1986; Chugani et aI., 1987) correlate quite well with the period of active brain develop ment and intense myelination in these three species. Indeed, these highly active growth periods are tak ing place between 14 and 24 days in the rat Gregson, 1962, 1966; Norton and Poduslo, 1973) , during the first 6 weeks after birth in the dog (Fox, 1970) , and during the first decade of life in the human brain (Holland et aI., 1986; Yakovlev and Lecours, 1967) . So, as Kennedy et al. (1972) sug gested for the dog, it appears rather likely that these transient increases in LCBF rates in immature ani mals and humans may reflect the high energy de mands of biosynthetic pathways mainly related to cell growth and myelination. The subsequent de creases in LCBF may originate in the reductions in energy metabolism as biosynthetic activities in brain tissues decrease with maturation, and LCBF rates may then mainly be the reflection of functional activity needs.
Correlation between LCBF and LCMRgIc in the developing rat
However, in dogs and humans, after a transient increase, levels of LCBF or LCMRgic slightly went down to reach lower adult values. In the present study in the rat, the peak levels of LCBF recorded at P17 were followed by a transient decrease at weaning time (P2l) and the rates of LCBF increased again to reach adult levels that were equal to or higher than the peak values recorded at P 17. By contrast, LCMRgic in the developing rat has been shown to be very low at Pto and to stay quite low and uniform in most cerebral structures until P17. LCMRgic sharply increases in all brain areas be tween P17 and P21 and still increases after weaning time to reach by P35 a distribution of energy me tabolism levels that is close to the one in the adult rat brain (Nehlig et aI., 1988) . In addition, there appears to be a good correlation between LCMRgic and other aspects of cerebral energy metabolism in the developing rat since oxygen consumption (Fazekas et aI. , 1951) , oxidative mitochondrial en zyme activity (Garcia-Argiz et aI., 1967; Gregson and Williams, 1969; Hamburgh and Flexner, 1957; Schwark et aI., 1972; Swaiman et aI., 1970) , the rate of conversion of glucose carbon into amino acids (Cocks et aI., 1970; Gaitonde and Richter, 1966) , and LCMRgic in the cerebral component structures (N ehlig et aI., 1988) all undergo the same progres-sive sigmoid rise until adult patterns of activity are reached.
The sharp decrease in LCBF rates at weaning time followed by an increase in LCBF values until mature levels of activity are reached in the rat, as well as the transient uncoupling of LCBF and LCMRglc at P17, may be related to the fact that at the time of active brain growth and intense myeli nation, i.e., mainly until weaning time in the rat Gregson, 1962, 1966; Norton and Po duslo, 1973) , the rat is still suckling and its brain is dependent upon two different types of substrates (glucose and ketone bodies). Indeed, in the imma ture rat, the circulating concentration of ketone bodies is quite high and these substrates are taken up by the brain at a rate proportional to their circu lating levels (Hawkins et aI. , 1971; Pereira de Vas concelos et aI. , 1987) . These ketone bodies are ac tively used by the rat brain as substrates for energy metabolism, and amino acid (De Vivo et aI., 1973 and lipid biosynthesis (Patel and Owen, 1977; Yeh et aI., 1977) . Indeed, the activities of the en zymes regulating ketone body utilization . reach quite high levels in the brain of the sucklIng rat (Page et aI. , 1971) . Therefore, by contrast to the dog and the human brain, where the active brain spurt and intense myelination take place at a time when the brain is almost exclusively using glucose as a substrate for energy metabolism and biosynthetic processes (Chugani and Phelps, 1986; Chugani et aI., 1987; Kennedy et aI. , 1972) , the brain of the � at is dependent upon both glucose and ketone bodies for its energetic and biosynthetic needs until P21. Indeed, ketone bodies have been shown to be pre cursors more active than glucose for lipid biosyn thesis in the immature rat brain (Patel and Owen, 1977; Yeh et aI. , 1977) , and the highest rates of ketone body utilization have been shown to coin cide with high rates of fatty acid (Aeberhard et aI., 1969) and cholesterol synthesis (Srere et aI., 1950) . It arises from these data that ketone bodies may be important substrates for lipid synthesis in the devel oping brain, mainly in the rat brain at the period of active cell growth, axonal and dendritic prolifera tion, and intense myelination.
Therefore, the transient uncoupling between LCBF and LCMRglc in the 17-day-old rat may be a reflection of the active utilization of ketone bodies by the rat brain at that age. Indeed, in the suckling rat, by 17 days, most pathways of cerebral ? lucose oxidative metabolism have not reached their adult levels and LCMRglc is still rather low, whereas ke tone body metabolism is at its highest efficiency level. It then appears rather likely that the high rate of LCBF at P17 in the rat may represent the sum-J Cereb Blood Flow Metab, Vol. 9, No. 5, 1989 mation of energetic and biosynthetic needs of the actively developing brain or, in other words, the summation of glucose and ketone body utilization.
Correlation between LCBF changes and cerebral maturation in the rat after weaning At P21, the rat is weaned and its only source of energy becomes a predominantly carbohydrate diet replacing the high lipid content maternal milk (Dymsza et aI., 1964) . At that stage, LCBF and LCMRglc are again coupled as in the adult brain under normal physiological conditions (Sokoloff, 1961 (Sokoloff, , 1981 and stay coupled until the mature leve!s of functional activity are reached. The decrease In LCBF rates between P17 and P21 may originate in the progressive replacement of ketone bodies by glucose as a substrate for brain energy metabolism and in the slowing down of the active phase of brain maturation. In addition, by weaning time, LCMRglc has notably increased (Nehlig et aI., 1988) and may be high enough to overcome the to tality of the functional and biosynthetic needs of the brain at that stage.
After weaning time, however, the rat brain is still undergoing quite active maturation that is achieved in this species by 5 to 6 weeks of life after birth (Eayrs, 1964) . For example, the cerebral cortex has not attained its full specialization by P21 and the behavior of the rat is still changing after weaning. The playful activities of the rats are complete by the stage of 35 days, and sexual maturity is attained by 50 to 60 days (Tilney, 1933) . The end of the most rapid phase of myelination takes place around P30 (Norton and Poduslo, 1973) and adult spectral com position of electroencephalographic activity is reached by 4 weeks of postnatal life in the rat (Deza and Eidelberg, 1967; Yoshii and Tsukiyama, 1951) . This quite active maturation phase translates into an increase in LCBF rates in the brain between P21 and P35. These values reach by P35 levels close to the peak rates recorded at P17 in most brain area � . This increase in LCBF rates is paralleled by a SI multaneous rise in LCMRglc at the same period of postnatal development (N ehlig et aI., 1988�. Be tween P35 and adulthood, LCBF rates remaIn un changed in most brain areas, as previously shown for LCMRglc at the same period (N ehlig et aI., 1988) .
CONCLUSION
The postnatal evolution of LCBF rates in the rat is close to that of other species, such as dog or humans, in reaching peak values at immature stages. However, the uncoupling between LCBF and LCMRglc that has not been shown yet in other species may reflect the summation between ener getic and biosynthetic needs that is completed both by glucose and ketone bodies in the actively grow ing rat brain.
